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Abstract The chloroplast NADP-malate dehydrogenase is 
activated through the reduction of two different disulfides per 
subunit. The activated enzyme, as well as a permanently active 
mutant where all four regulatory cysteines were replaced are still 
sensitive to thiol reagents. This observation suggested the 
presence of an additional important cysteine at the active site. 
In an attempt o Identify that eysteine, site-directed mutagenesls 
was performed on the eDNA encoding sorghum leaf NADP- 
malate dehydrogenase. The replacement of Cys-175 by an 
alanine yielded an enzyme whose sensitivity to thiol reagents 
was markedly decreased whereas its catalytic activity was 
enhanced. This finding suggests that Cys.175 has no catalytic 
function but is located close to the active site. 
Key words: Malate dehydrogenase; Thioredoxin; Light- 
activation; Disulfide mutagenesis; Site-directed mutagenesis 
I. Introduction 
by the thiol reagent iodoacetamide [3]. In addition, molecular 
modeling indicated the presence of a cysteine within the active 
site of the enzyme, in close vicinity to the coenzyme nicotina- 
mide ring [3]. This cysteine was numbered 215 following the 
numbering in [8], including the 40 amino acids of the transit 
peptide of this nuclear-encoded chloroplastic enzyme, which 
corresponds to position 175 in the mature protein [4]. In the 
active sites of NAD-malate dehydrogenases (which are perma- 
nently active), there is an alanine at this position instead, 
despite the high degree of similarity of both types of active 
sites. 
In the present study, we further examined the possible role 
of a cysteine at the active site of NADP-malate dehydrogen- 
ase, by investigating whether the presence of substrates pro- 
tected the permanently active mutant against inactivation by 
thiol reagents. We also replaced, in the wild-type enzyme, the 
putative active-site Cys-175 with an alanine, by site-directed 
mutagenesis, and studied the properties of the mutant protein. 
Among all the malate dehydrogenases studied so far, the 
chloroplastic isoforms exhibit unique properties: they use 
NADPH instead of NADH as a cofactor and are thiol-regu- 
lated. They are totally inactive in the oxidized form, and acti- 
vated upon reduction by reduced thioredoxin. The activation 
of sorghum leaf NADP-malate dehydrogenase (NADP- 
MDH) (EC 1.1.1.82) has been demonstrated to result from 
the reduction of two disulfide bridges per subunit, one located 
at the N.terminus [1,2] and the other at the C-terminus [3]. 
The regulatory cysteines have no catalytic function, as their 
replacement by either serines or alanines does not impair the 
activity but yields a deregulated, permanently active enzyme 
[3]. Furthermore, the presence of an essential histidine at the 
active site of the enzyme has been demonstrated [4]. This 
histidine is strictly conserved among all the malate dehydro- 
genases equenced so far [5] and is considered to be involved 
in catalysis, its replacement by an alanine yielding a totally 
inactive protein. Nevertheless, the catalytic activity of the ac- 
tivated wild-type (WT) enzyme is known to be sensitive to 
thioi reagents [2,6,7]. Preliminary experiments showed that 
the permanently active mutant NADP-MDH where all four 
regulatory cysteines were substituted could also be inhibited 
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2. Materials and methods 
2.1. Materials 
The E. coil strains used for high yield plasmid production, dU- 
substituted DNA template synthesis and mutated sorghum CM7 
cDNA [8] expression were the same as in [2] and were grown under 
similar conditions. Recombinant thioredoxin from E. coli was pre- 
pared as described in [9]. 
All enzymes for molecular biology as well as oligonucleotides for 
DNA sequencing and site-directed mutagenesis were purchased from 
Appligene, Boehringer Mannheim and Bethesda Research Labora- 
tories, Inc. Radiolabels were from Amersham Corp. Chromatographic 
supports were from Sigma and Grace-Amicon. Reagents for amino 
acid sequencing were supplied by Applied Biosystems Inc. 
2.2. Site-directed mutagenesis and construction fa eDNA coding for 
a mutant NADP.MDH with the substitution C175A 
All methods for molecular biology are described in[10]. The C175A 
mutation was introduced into the CM7 eDNA (full-length eDNA 
coding for sorghum leaf chloroplastic NADP-malate dehydrogenase, 
including the sequence coding for the transit peptide) by the method 
described by Kunkel et al. [11]. The following oligonucleotide: 
pGGAAATCCCGCTAACACTA was used to replace the codon cod- 
ing for Cys-175 (sequence numbering as in [4]) with a codon coding 
for an alanine (underlined). After verification of the mutation by 
sequencing, the NcoIIBglll fragment encompassing the mutagenesis 
site was exchanged with the corresponding wild type fragment in 
the pETmdh expression vector [2]. The cDNA sequence was con- 
trolled at each cloning step. 
The construction of the permanently active 4.cysteine mutant 
NADP-MDH has been described previously [3]. In this mutant, the 
two most N-terminal Cys were replaced by Ser and the two most C- 
terminal Cys were replaced by Ala. 
2.3. Production and pur~ication of the WT and mutated NADP-MDH 
proteins 
The expression of the WT or mutated cDNAs in the pET system 
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[12], as well as preparation of soluble protein extracts from E. coli 
were performed as previously described [2]. Crude extract proteins 
were fractionated by ammonium sulfate precipitation. The precipitate 
obtained between 35 and 60% of saturation was dissolved in 20 mM 
sodium phosphate, pH 7.2 buffer containing I mM EDTA (PE buffer) 
and 100 pM PMSF and dialyzed overnight against 50 vols. of the 
same buffer. The fractionated extract was loaded onto a DEAE-Se- 
phacel column (3 cm diameter, 22 cm long) equilibrated with PE 
buffer. After extensive washing of the column with the same buffer, 
elution was carried out with a linear gradient (2 x 250 mi) of 0-600 
mM NaCl in PE buffer. Fractions enriched in NADP-MDH were 
pooled and directly loaded onto a Matrex Red A column (1.5 cm 
diameter, 13 cm long). After washing with PE buffer, the WT or 
C175A mutant enzyme was eluted from the affinity column with a 
linear gradient of 0-3 M NaCI (250/250 ml) in PE buffer. For the 
permanently active 4-Cys mutant, the gradient was extended to 4 M 
NaCI. The peak fractions were pooled and dialysed against cold 30 
mM THs-HCI, pH 7.4, I mM EDTA buffer. Then, the purified prep- 
arations were concentrated in an Amicon ultrafiltration cell equipped 
with a YMI0 membrane to I-I.5 ms protein/ml. When a perfectly 
homogeneous protein was required, an additional purification step 
was carried out by hydrophobic interaction on an HPLC phenyl 
SPW column, 
2.4 Cbaracterl'.ation f the mutant NADP.MDH protein 
Enzyme activity assays, kinetic parameter determinations and poly- 
acqrylamide g l electrophoresis were performed as in [2,13]. An Ap- 
plied Biosystems model 476A sequencer with on line HPLC detection 
of phenylhydantoin aminoacids was used for N-terminal amino acid 
sequence analysis of WT and mutant NADP-MDH. 
3. Results and discussion 
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Fig. 1. Inactivation of the permanently active 4-Cys mutant NADP- 
malate dehydrogenase upon incubation with iodoacctumide (3 mM). 
Protection by preincubation with NADP (350 pM), 100% activity 
corresponds to a specific activity of 380 U/ms protein, assayed un- 
der standard conditions (750 pM oxaloacetate and 140 pM NADPH 
in 100 mM Tris-HCi buffer, pH 8). IAm = iodoacetamide. 
Our previous mutagenesis experiments [3] demonstrated 
that the cysteines implicated in the regulatory disulfides were 
not involved in catalysis. Nevertheless, the activity of the per- 
manently active 4-Cys mutant enzyme was inhibited by the 
thiol reagent iodoacetamide (Fig. 1). If the observed effect 
were due to the derivatization of an active-site cysteine, pro- 
tection against inhibition should be observed in the presence 
of the substrates of the reaction. This was indeed the case, at 
least for the coenzyme (either NADP, as shown in Fig, !, or 
NADPH, data not shown) the addition of which provided full 
protection of the activity. Furthermore, the mutant enzyme 
was obviously stabilized under these conditions, as the pres. 
ence of the cofactor prevented the slow inactivation which 
usually occun with this rather unstable mutant enzyme 
upon incubation at ambient temperature in a diluted form 
(Fig. I), In contrast, oxaloacetate did not provide any signifi. 
cant protection (data not shown), 
A definite proof of the occurrence of a thiol-reagent sensi- 
tive cysteine at the active site of the enzyme can be provided 
by site.directed mutagenesis. This was done by replacing Cys- 
175 of the gr r  enzyme by an Ale, the most commonly found 
amino acid at this place in the NAD-dependent forms. The 
mutant enzyme was overproduced in E. coil and purified close 
to homogeneity. Then its physical and biochemical properties 
were studied and compared to the properties of the WT pro- 
tein. The molecular mass of the mutant enzyme was identical 
to the one of the WT protein (42 kDa per subunit, when 
determined on SDS-PAGE). The determination of the N- 
terminal amino acid sequence showed that the amino-termi- 
nus of the purified protein started mainly at Ser-I of the 
mature protein, i.e. that the transit peptide had been cleaved 
by the bacteria, as for all the other recombinant NADP- 
MDHs we studied so far. Like the WT protein, the mutant 
MDH behaved as a dimer on size-exclusion HPLC (data not 
shown). It was totally inactive in the oxidized form and re- 
quired thioredoxin (reduced either by DTT, or by light in a 
reconstituted light-activation system) for ,t~;tivation, with half- 
saturation values of ca. 8 I.tM [14] as for the WT protein. The 
time course of activation was very similar to the one of the 
WT protein, the maximal activity being reached after ca. 10 
min. The activation was accompanied by the appearance of 
4 free cysteines per subunit (data not shown), thus the reduc- 
tion of the regulatory disulfides was not disturbed by the 
mutation. As already reported for the WT protein [15], the 
activation was inhibited in the presence of NADP, the oxi- 
dized form of the cofactor (data not shown). Once activated, 
Table I 
Kinetic parameters of WT and CI75A mutant NADP-malate dehydrosena~ 
Enzyme K,,, r~zM) kc~,t (s- t ) k~,JKm (I.tM- I. s-z ) 
OAA NADPH OAA NADPH 
WT 37 ± 5 40 + 8 630 + 70 18.6 17 
CI?$A 32 ± 3 150 + 5 3145 + 360 98 21 
overall ca tulytic eJficlencies [kcJ(K,,, OAA)×(Kn, NADPH)] of the WT and mutant MDHs calculated from these data are 4.25× 10 -u 
and 6.55x 10 -'i M-2.s -~, respectively. The enzymes were activated by 10 min preincubation with 10 mM DTT and 10 ~tM thioredoxin from 
E co~ in 100 mM Tris-HC! buffer, pH 8 before activity measurements. Km for oxaloacetate was measured by varying oxaloacetate concentra- 
tions at a fixed 040 or 220 pM) NADPH concentration. Km for NADPH was measured at 750 pM oxaloacetate concentration. 
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Fig. 2. Compared sensitivity of the CI75A mutant and WT NADP- 
malate dehydrogenase to thiol reagents. Each enzyme (3-5 ~tg) was 
first activated by 10 rain preincubation with 10 mM DTT and 10 
gM thioredoxin from E. coli in 100 mM Tris.HCI buffer, pH 8 in a 
total volume of 100 pl. Then the thiol reagents were added in a 
3 mM excess over the thioi content of dithiothreitol. The enzyme 
activities were assayed on aliquots under standard assay conditions, 
but with a 220 p.M NADPH concentration. The untreated activated 
WT enzyme lost about 20% activity when kept at ambient tempera- 
ture for 1 h. IAm = iodoacetamide. IAc = iodoacetate. 
the enzyme exhibited a high specific activity: ca. 1000 Ulmg 
for the mutant protein vs. 450 Ulmg for the WT protein, 
when measured under the standard assay conditions (those 
used for the WT protein). When its kinetic parameters were 
determined, it appeared that whereas its Km OAA was very 
close to that of the WT enzyme, its Km NADPH was roughly 
4 times higher (Table 1). Thus, from the Vm~, calculated from 
double-reciprocal plots a theoretical specific activity of 2300 
Ulmg and a kc,,t of 3145 s -1 (vs. 630 Ulmg for the WT en- 
zyme) could be deduced. Clearly, the replacement of the cy- 
steine did not impair, but rather incre~.sed the catalytic activ- 
ity. However, it seemed to decrease the etti:iency of coenzyme 
use. This observation suggests a possible role of the cysteine in 
coenzyme binding, in accordance with its predicted position, 
close to the nicotinamide ring of the cofactor [3,16]. 
To check whether the afore-mentioned sensitivity to thiol 
reagents of the activated NADP-MDH is due to this cysteine, 
the sensitivities of the activated WT enzyme and C175A mu- 
tant to iodoacetamide were compared. The results show (Fig. 
2) that the sensitivity of the C175A mutant MDH to the 
reagent is dramatically decreased. In fact, its discrete loss in 
activity seems to be due more to partial inactivation upon 
storage of the activated enzyme at ambient temperature 
than to a specific effect, as the control sample where the re- 
agent was replaced by buffer also presents a gradual oss in 
activity. Furthermore, iodoacetate (the negatively charged 
equivalent of iodoacetamide) which was widely used as a 
thiol-derivatizing agent for the WT protein [1] was equally 
unefficient. It has already been reported that the WT enzyme 
is more unstable when activated [7]. When iodoacetamide- 
treated activated C175A mutant was dialyzed to 
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